ABSTRACT Larvae of Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae), exhibit a bodycolor polymorphism that is most distinct in the Þnal instar. Larval coloration was investigated in relation to the effects of host plant diet. Larval coloration was strongly inßuenced by the plant parts on which larvae fed; larvae that fed on leaves exhibited a higher frequency of green coloration than larvae that fed on ßowers and fruit. This pattern also was exhibited in full sibling larvae that had uniform genetic background. Larval performance in terms of survival, developmental period, and pupal weight was better in larvae reared on fruit than in those reared on leaves. Our results suggest that larval coloration was determined primarily by the portion of the plant upon which larvae were reared. Larvae also had a certain degree of plastic response to the diet change, which indicates larvae can adjust body color as they change the part of the host plant where they feed. Although the adaptive consequence of similar body color to plant part is still unknown, diet-induced body-color polymorphism in H. armigera might have some role in helping larvae avoid visual predation.
Color polymorphism is a widespread phenomenon in many species, and previous studies have examined the mechanisms allowing the coexistence of two or more color morphs within a species (Losey et al. 1997 ; for review, see Gray and McKinnon 2007) . For example, tettigoniid insects exhibit a green/brown dimorphism within populations, and several studies have investigated the factors causing these differences in body color (Hartley and Burgen 1986 , Lymbery 1992 , Oda and Ishii 2001 . Furthermore, the adaptive signiÞ-cance and mechanisms of phase polymorphism in locusts and armyworms have been widely examined (Tojo 1991 , Gunn 1998 , Tanaka 2000 . In lepidopteran species, several species of swallowtail butterßies (Papilio spp.) undergo seasonal polyphenism in which larvae exhibit darker coloration under low temperatures to aid in thermoregulation (Hazel 2002, Nice and Fordyce 2006) .
Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae), is a major agricultural pest in many parts of the world (Zalucki et al. 1986 , Fitt 1989 , Casimero et al. 2000 . The wide distribution and pest status of this species have been attributed to its high mobility, polyphagy, resistance to insecticide, and facultative diapause (Zalucki et al. 1986 , Daly and Murray 1988 , Fitt 1989 , Gregg 1993 , Shimizu and Fujisaki 2002 , Feng et al. 2005 . In Japan, H. armigera has become a serious pest since its outbreak in western Japan in 1994 (Yoshimatsu 1995 , Hamamura 1998 , Casimero et al. 2000 . In this species, late-instar larvae exhibit various body-color patterns ranging from completely green to almost black (Ramos and MoralloRejesus 1976, Ma et al. 2008) . Larvae show nearly the same pale brown coloration during early stages, but different body colors become apparent during the mid-instars and are pronounced by the Þnal larval instar before pupation. Ramos and Morallo-Rejesus (1976) demonstrated that larval color in H. armigera was affected by diet. They fed larvae Þve different plants (i.e., corn ears, cotton leaves and bolls, tomato leaves and fruit, tobacco leaves, and artiÞcial diet using mungbean seeds) and investigated larval body color. They obtained both green and brown larva in four plants except for tobacco leaves, on which all larvae showed green body color. However, they fed larvae a mixture of leaves and fruit in the cotton and tomato diets. Therefore, the possibility that not only host plant species but also plant part is responsible for larval coloration has not been tested.
Despite many studies of the factors determining body color in lepidopteran species (Anazonwu and Johnson 1986 , Grayson and Edmunds 1989 , Tojo 1991 , Fescemyer and Erlandson 1993 , Gunn 1998 , Raina et al. 2003 , Mo et al. 2005 , little is known about those involved in determining larval coloration of H. armigera. Our goals were to examine whether host plant species or parts of host plants cause larvae to develop a particular color and to determine whether there is a critical developmental period during which body color is determined. We also investigated larval per-formance (e.g., survival, developmental period, and pupal weight) on fresh vegetative and reproductive parts of various host plants and artiÞcial diet.
Materials and Methods
Body Color Patterns of Final-Instar Larvae of H. armigera. The number of larval instars can vary in H. armigera (Twine 1978 , Zalucki et al. 1986 , Casimero et al. 2000 , and in our experiments, the number ranged from V to VII. We observed larval coloration of the instar before pupation, i.e., the Þnal instar. We divided the body-color patterns of this last instar into two major groups: green and brown, based on the deÞni-tion of body-color patterns by Ramos and MoralloRejesus (1976) , i.e., according to the coloration of the longitudinal lines and the ground color (Fig. 1) . Although these larval color patterns were continuous, we were able to classify them primarily on ground color as described below.
Green. This form consisted of two body color patterns: completely green and green ground color with black longitudinal lines and lateral spots. The coloration of lateral spots was black, brown, or orange.
Brown. This form consisted of two patterns: brown and black. Both patterns exhibited dark coloration ranging from black to reddish brown. The brown pattern was characterized by an orange-brown ground color, black and yellow longitudinal lines, and black, orange, and yellow lateral spots. The black pattern consisted of black or dark-brown ground color, yellow Þne longitudinal lines, and black or orange-yellow spots. Both patterns exhibited dark ground colors, and we classiÞed all of these patterns as brown. Compared with "green," the "brown" form had a wide range of color patterns. We distinguished these patterns from "green" in that the ground color of the larvae did not have green coloration.
Experimental Conditions. All experiments were conducted in a growth chamber under controlled conditions (25 Ϯ 1ЊC, 50 Ð 60% RH, and a photoperiod of 16:8 [L;D] h).
Stock Culture. The initial population (Okinawa population) was collected as late-instar larvae feeding on corn, Zea mays L., in Itoman, Okinawa Prefecture (26Њ N, 127Њ E), during the early summer 2003. The Þeld-collected larvae were reared individually (to prevent cannibalism) on an artiÞcial diet (Insecta LFS; Nihon-Nosan Kogyo Co., Ltd., Yokohama, Japan). Pupae were stored in 840-ml plastic cups according to sex, and emerged adults were placed into acrylic cages (30 by 30 by 30 cm) for mating and oviposition. The night after adult eclosion, 25Ð30 pairs of females and males were introduced into each cage and fed a 10% (vol:vol) honey solution. Thin absorbent cotton (Osaki Medical Co., Ltd., Nagoya, Japan) was attached to the sidewalls of each cage as an oviposition substrate. These substrates were removed daily and stored in 200-ml plastic cups until hatching. Neonates were immediately placed onto small slices of artiÞcial diet by using a Þne brush and tweezers and were then reared in the same plastic cup until they became third instars. Between 100 and 120 stage III larvae were placed individually in petri dishes (90 mm in diameter, 15 mm in height) and fed an artiÞcial diet. Diets were replenished after 1 wk, and the larvae pupated on this diet. This same rearing procedure was followed for every generation until the start of the experiment. We also collected late-instar larvae on soybean, Glycine max (L.) Merr. in Moriyama, Shiga Prefecture (35Њ N, 135Њ E), during late summer 2004 (Shiga population). These larvae were reared using the same procedure as the Okinawa population. The Okinawa population was used for experiment 1. In experiment 2 and 3, we used the Shiga population because of the difÞculty in obtaining sufÞcient fertile eggs of the Okinawa population.
Experiment 1: Coloration and Performance of Larvae Reared on Different Parts of Host Plants. To examine whether larval body color of H. armigera was determined by the host plant species or the part of the host plant, we fed larvae on different parts of Þve host plant species. The second laboratory generation of the Okinawa population (corn origin) was used in this experiment. We collected eggs deposited on the same day by Ͼ25 mated females and placed them into a plastic cup until hatching. Zero-to 12-h-old neonates were used in all experiments.
We chose Þve plant species which are known as host plants of H. armigera as experimental diet plants (Yoshimatsu 1995 , Zalucki et al. 1986 : cherry tomato (Lycopersicon esculenum Mill. variety cerasiforme (Miller)), cotton (Gossypium arboretum L.), okra (Abelmoschus esculentus L.), spider ßower (Cleome spinosa Jacquin), and cosmos (Cosmos bipinnatus Cavanilles). These plants were grown at Kyoto University in a small experimental Þeld that did not receive any pesticides from late spring to early autumn in 2003. We used 12 natural diets for rearing larvae: young cherry tomato fruit, young cherry tomato leaf, immature cotton fruit, cotton ßower, newest fully opened cotton leaf, young okra fruit, okra ßower, young okra leaf, ßowers of spider ßower, newly opened spider ßower leaf, cosmos ßower, and cosmos leaf. We used the artiÞcial diet (Insecta LFS; Nikon-Nosan Kogyo Co., Ltd., Yokohama, Japan) as a control.
Using a Þne, soft brush moistened with distilled water, newly hatched Þrst-instar H. armigera were immediately transferred from the oviposition substrate to small plastic cups (200 ml; Watatani Co., Ltd., Kyoto, Japan) containing each diet. We counted larvae 3 d after transfer (to exclude hatchlings accidentally killed by handling) and deÞned these counts as the initial number of insects. Each cup contained approximately Þve neonates. Replacement of the food was done thereafter. The initial number of larvae ranged from 11 to 79 for each diet due to the difference in available amount of fresh diets (e.g., ßowers and young fruit of tomato, cotton, and okra were not abundant as leaves and the other two plant species). All food items were placed on moistened Þlter paper to prevent drying. The food was exchanged daily for a fresh supply, and the artiÞcial diet was changed every 3 d. The tomato fruit, cotton bolls, and okra fruit were sliced into small pieces (Ϸ3Ð5 mm thick) using a kitchen knife. Mortality and molting of larvae were monitored daily, and body color was noted in third-to Þnal-stage instars. We observed larval color under a 22-W incandescent lamp, and 3-d-old pupae were individually weighed using an electronic balance (XR180D, Chyo Balance Co., Ltd., Kyoto, Japan). Survival rate was calculated based on the difference between the initial number of 3-d-old larvae and the number of successfully pupated individuals.
Experiment 2: Effects of Diet on Full-Sibling Larval Coloration and Performance. To examine the effect of diets on larval body color minimizing genetic variance among individuals, we established one full sibling group of larvae and reared larvae on different parts of three host plant species. The third laboratory generation of the Shiga population (soybean origin) was used in the experiment. The night after adult eclosion, 15Ð20 pairs of virgin females and males were placed into three cages and fed a 10% honey solution. Between 0200 and 0500 hours, copulating pairs were removed and placed into 840-ml plastic cups. Thin absorbent cotton was attached to the sidewalls of the cups for oviposition, and the adults were fed a 10% honey solution. Oviposition substrates were removed from the cups and stored in 200-ml plastic cups until hatching. The full sibling larvae derived from one mated pair that successfully deposited substantial fertile eggs were used for the experiment. Zero-to 12-h-old neonates were immediately placed onto small slices of fresh diet by using a Þne brush and were then reared until pupation.
We chose three host plants of H. armigera as experimental plants: cherry tomato, okra, and spider ßower. These plants were grown in the same experimental Þeld as in experiment 1 at Kyoto University in 2004. We used six natural food sources as larval diets: young cherry tomato fruit, young cherry tomato leaf, young okra fruit, young okra leaf, ßowers of spider ßower, and young spider ßower leaf. Newly hatched full sibling individuals derived from one adult pair were placed onto six natural foods and reared until pupation. The rearing protocol, color assessment and calculation of larval survival rate were the same as in experiment 1, except that the initial number of 3-d-old larvae ranged from 35 to 40 for each diet.
Experiment 3: Diet-Switching Test. To examine whether there is any critical period determining larval body color of Þnal instars and whether larvae have plasticity in developing certain body color, we conducted diet-switching test by using larvae of the second laboratory generation of the Shiga population. In this experiment, we switched larval diets from the artiÞcial diet (Insecta LFS), on which larvae tend to develop brown coloration, to fresh leaves of the common bean, Phaseolus vulgaris L., on which larvae tend to develop green coloration at a certain point during larval development (unpublished data). Then, we observed larval body color in Þnal instars. To minimize genetic variance, we established two groups of full sibling larvae derived from two mated pairs of H. armigera (group A and B). We used the same method as in experiment 2 in obtaining full sibling eggs. Common beans were grown in the laboratory under controlled conditions (25ЊC and a photoperiod of 16:8 [L:D] h) without pesticide.
Larvae of both full sibling groups were divided into the four following treatments: 1) larvae were fed the artiÞcial diet throughout the entire larval period, 2) larvae were fed the artiÞcial diet from hatching to instar IV and were then fed common bean leaves until pupation, 3) larvae were fed the artiÞcial diet from hatching to instar III and were then fed common bean leaves until pupation, and 4) larvae were reared on common bean leaves throughout the entire larval period.
About Þve neonates were reared together after hatching in a 200-ml plastic cup. Number of cups varied from Þve to 15 due to availability of bean leaves and number of fertile eggs. We had difÞculty in detecting neonates feeding on piled bean leaves in plastic cups; therefore, we counted larvae after molting into instar II; thereafter we checked for molting daily. The initial number of instar II per treatment ranged from 22 to 76. Larvae were reared individually in plastic petri dishes after molting to instar III. The cut surfaces of common bean leaves were placed into cups along with small pieces of absorbent cotton moistened with distilled water. Diets also were placed onto small pieces of Þlter paper to eliminate excess moisture. ArtiÞcial diets were replaced every 4 d, whereas leaves were replaced every other day. On the day after larvae molted into the Þnal instar, we recorded the coloration of larvae in each treatment. Survival rate was calculated based on the difference between the initial number of instar II larvae and the number of successfully pupated individuals.
Statistical Analysis. Differences in frequencies of larval coloration and in those of larval survival rates on various diets were analyzed using Fisher exact probability tests, and all reported P values were adjusted using the Bonferroni correction. In experiment 1, we compared frequencies of larval coloration between the artiÞcial diet and different parts of each host plant. In experiment 2, we compared frequencies of larval coloration between plant parts within each host plant species. MannÐWhitney U test and KruskalÐWallis test were used to test for differences in larval period and pupal weight on different parts of each host plant species. Survival rates of larvae fed on three common host plants (i.e., tomato, okra, and spider ßower) also were compared between experiment 1 and 2. All analyses were performed using JMP IN 5.1.2 (SAS Institute 2004).
Results
Experiment 1: Coloration and Performance of Larvae Reared on Different Parts of Host Plants. The body-color patterns of Þnal-instar larvae of the second generation of the Okinawa population were strongly affected by the host plant diet on which they were reared. Even on the same host plant, larval coloration differed depending on the portions of the plant fed to larvae. Larvae fed leaves were more likely to exhibit green coloration than those fed ßowers and fruit (Fig.  2) . In all host plant species except cosmos, the fre- quency of green coloration of Þnal-instar larvae reared on leaves was signiÞcantly higher than that of Þnal-instar larvae reared on fruit and/ or ßowers (Fisher exact probability test, P Ͻ 0.05). Larvae reared on the artiÞcial diet exhibited similar brown coloration to those fed fruit and ßowers. The frequency of brown coloration in larvae reared on the artiÞcial diet did not signiÞcantly differ from that of larvae fed fruit and/or ßowers (Fisher exact probability test, P Ͼ 0.05).
Larval survival (percentage of larvae that survived until pupation) differed among diets of the various parts of host plants (Table 1) . It was highest in larvae fed the artiÞcial diet (95%) and lowest in those fed ßowers of spider ßowers (0%). Fruit of the tested host plants produced the highest measures of larval survival compared with other parts; Ͼ60% of larvae reared on fruit of tomato and okra survived until pupation. On the contrary, survival rates of larvae reared on ßowers of the host plants were lower than other plant parts such as fruit and leaves. Larval developmental period also differed among diets of the various parts of host plants (Table 1) . The shortest was observed in larvae reared on cosmos leaves (22.7 Ϯ 0.4 d) and longest was in those fed okra ßowers (32.1 Ϯ 1.3 d). In Okra and Cosmos, plant parts that gave better survival rate to larvae also tended to give shorter larval period (MannÐ Whitney U test, P Ͻ 0.05). However, developmental period of larvae reared on tomato fruit, which gave the best survival, was not signiÞcantly shorter than that of larvae reared on tomato leaf (MannÐWhitney U test, P Ͼ 0.05), which had only half the survival rate of tomato fruit. Pupal weight also varied across larval diets and was highest on the artiÞcial diet, moderate on tomato and okra fruit, and lowest on cotton ßowers (Table 1) . Pupal weight on fruit differed signiÞcantly from that on tomato, okra, and cotton leaves (MannÐ Whitney U test, P Ͻ 0.05).
Experiment 2: Effects of Diets on Full-Sibling Larval Coloration and Performance. This experiment assessed larvae that were all from one full sibling group established from the third laboratory generation of the Shiga population. We found that variation in larval coloration depended on larval diet. The frequency of the green form was signiÞcantly higher in larvae reared on leaves than in those reared on fruit or ßow-ers in all the tested host plants ( Fig. 3 ; Fisher exact probability test, P Ͻ 0.05).
Survival rates of larvae differed between parts of each host plant species, even though signiÞcantly difference was only found in spider ßower (Table 2; Fisher exact probability test, P Ͻ 0.05). Moreover, the survival rates were signiÞcantly lower in experiment 2, compared with each corresponding diet used in experiment 1 (Tables 1 and 2 ; Fisher exact probability test, P Ͻ 0.05), except for the case in spider ßower ßowers and leaves in which the differences were insigniÞcant (Fisher exact probability test, P Ͼ 0.05). The larval developmental period was also signiÞcantly different between plant parts in okra and spider ßower (Table 2 ; MannÐWhitney U test, P Ͻ 0.05). In okra, it was shorter on fruit than on leaves, and in spider ßower, it was shorter on leaves than on ßowers. Pupal weight was signiÞcantly higher on fruit than leaves in okra, and it was signiÞcantly higher on leaves than on ßowers in spider ßower (Table 2 ; MannÐWhitney U test, P Ͻ 0.05).
Experiment 3: Diet-Switching Test. Nearly all of the larvae reared on bean leaves throughout their developmental period exhibited green forms, and Ͼ80% of larvae fed the artiÞcial diet throughout their developmental period exhibited brown forms (treatment 1 and 4 in Fig. 4) . The frequency of the green form differed signiÞcantly among treatments 1, 2, and 3 for sibling group A (Fisher exact probability test, P Ͻ 0.05) but did not signiÞcantly differ between treatments two and three in sibling group B (Fisher exact probability test, P Ͼ 0.05). The frequency of larvae exhibiting the green form did not signiÞcantly differ between treatments 3 and 4 in either sibling group. Survival rates of larvae from instar II to pupation were signiÞcantly different among treatments in both sibling groups (Table 3 ; Fisher exact probability test, P Ͻ 0.0001). In sibling group A, the survival rate was signiÞcantly higher in treatment 1, and in sibling group B, it was signiÞcantly higher in treatment 4 than other treatments (Fisher exact probability test, P Ͻ 0.05). In treatment 1, the difference between group A and B was signiÞcant (80 versus 32%; Fisher exact probability test, P Ͻ 0.0001).
Discussion
The color of Þnal-instar larvae was strongly affected by diet in H. armigera. The coloration of larvae depended on the part of the host plant on which they were reared, and even within the same host plant, larvae fed leaves exhibited green coloration at higher frequencies than those fed fruit and ßowers. This same pattern was exhibited by larvae from a full-sibling group in experiment 2, suggesting that differences in larval coloration in experiment 1 were not due solely to genetic variation. However, larval coloration was not the same among larvae reared on the same diet, suggesting that there is still a plastic component involved in the determination of larval coloration. Larval coloration was similar to the color of the parts of the plant on which larvae fed. In particular, green larval coloration was quite similar to the hue of leaves (Fig. 1) , suggesting that larval coloration may serve as camoußage and is important in avoiding predation by visual hunters such as birds. . Larval coloration of Þnal-instar larvae in dietswitching experiment. Larval stages during which the larvae fed on bean leaves were indicated under each bar. Black and gray parts of the bar indicate the percentages of brown and green forms, respectively. Sample sizes (number of larvae developed to Þnal instar) are indicated in brackets. Bars with different letters indicate signiÞcant differences (P Ͻ 0.05, Fisher exact probability tests with Bonferroni correction). Two full-sibling group of larvae were used: sibling group A and sibling group B. Treatments: 1) larvae were fed the artiÞcial diet throughout the entire larval period, 2) larvae were fed the artiÞcial diet from hatching to instar IV and were then fed common bean leaf until pupation, 3) larvae were fed the artiÞcial diet from hatching to instar III and were then fed common bean leaf until pupation, and 4) larvae were reared on common bean leaves throughout the entire larval period. Larval performance depended on the larval diet and was highest on the artiÞcial diet (Insecta LFS), followed by tomato and okra fruit. We observed fungal growth on some okra fruit and cotton bolls, which may have contributed to the higher larval mortality relative to that found by Casimero et al. (2000) . Larval survival rate was lower on ßowers, especially on ßowers of spider ßower, on which most larvae died during late instars. The larval developmental period and pupal weight of larvae reared on fruit were shorter and heavier, respectively, than those of larvae reared on leaves. These results suggest that fruit are more suitable for larval development than ßowers and leaves. However, longer developmental periods likely increase the risk of predation experienced by larvae; thus, the green coloration induced by consumption of otherwise unsuitable diets such as leaves might decrease exposure of larvae to visual predation.
Larval stages fed on bean leaves
The results of experiment 1 and 2 were not consistent, especially in that the survival rates of larvae in experiment 2 were signiÞcantly lower than those of experiment 1. Possible reasons for this include differences in the origins of the source populations, the condition of plant material fed to larvae, and the number of generations that the experimental populations were kept in laboratory colony. Because we used larvae from different origins for the two experiments, there may have been some differences in genetic background that could affect the results via different compatibility to each host plant. Although we used the same host plant species in the two experiments, we harvested the host plants at different times; thus nutritional status of plants as diets might have been variable and probably lower in experiment 2. When rearing H. armigera under laboratory conditions, inbreeding depression is always problematic. The fullsibling group B used in experiment 3 showed lower survival rate than group A, even when reared solely on the same artiÞcial diet (Table 3) . It is possible that bottleneck effect from establishing full-sibling groups might affect vigor in the stock culture. Nonetheless, the data on larval coloration obtained in this research are still reliable, because variation in larval coloration was exhibited regardless of larval performance. There is no evidence that color form is inßuenced by maldevelopment.
Some studies show an effect of host plants on larval body color polymorphism in the velvetbean caterpillars, Anticarsia gemmatalis Hü bner (Anazonwu and Johnson 1986, Fescemyer and Erlandson 1993) . Fescemyer and Erlandson (1993) showed that the amount of host plant foliage contained in artiÞcial diet affected larval body color and it interacted with phase polymorphism. In H. armigera, larvae become aggressive and cannibalistic, which may occur as a process of elimination of subordinate larvae (Kakimoto et al. 2003) . Kakimoto et al. (2003) also observed uniform distribution of H. armigera larvae in cosmos Þeld, suggesting that density-dependent determination of larval coloration might not be relevant. However, similar mechanisms may be involved in the process of body color development in response to diet content in H. armigera.
Many studies have examined the physiology of caterpillar pigmentation (Van Der Geest 1968; Mummery and Valadon 1974; Haunerland and Bowers 1986; Yoshiga and Tojo 1995; Saito 1998 Saito , 2001 ). For example, Van Der Geest (1968) demonstrated that larvae of Pieris brassicae (L.) exhibited different coloration when reared on different diets, potentially due to variation in the pigmentation of hemolymph. Similar factors may be involved in larval coloration in H. armigera. Ramos and Morallo-Rejesus (1976) suggested that larval color, especially longitudinal stripes and lateral spots, was largely affected by plant pigments, particularly carotenoids derived from food. Furthermore, Mo et al. (2005) observed a black phenotype mutant strain of adults and pupae in H. armigera that was produced by one recessive gene. Therefore, both environmental and genetic factors may control larval body coloration and should be considered in further research.
Results of the diet-switching experiment indicated that there were no critical periods that determine coloration of Þnal-instar larvae. However, the appearance of larval coloration was inßuenced by the length of time during which larvae are fed a particular diet (Fig. 4) . This indicates that larvae may be able to alter their hue by switching diets during development. This plasticity in altering body color may complement changes in larval feeding behavior, such as within-host movement during the larval period (Zalucki et al. 1986, Johnson and Zalucki 2007) .
Previous studies of H. armigera have found no relationship between oviposition preference and larval performance (Jallow et al. 2001 , Jallow and Zalucki 2003 , Cotter and Edwards 2006 , indicating that female moths do not always choose suitable host plants or host plant parts for their offspring. If so, larvae may need to move among plants to complete development (Zalucki et al. 1986 ). Liu et al. (2004) noted that neonates of H. armigera fed on soft leaves near the oviposition site, whereas later instars fed on fruit and ßowers. Given this age-related switching of the preferred host plant part, adjustments of body coloration to match the food source may be an adaptation by larvae to reduce predation by visual hunters such as birds. In the diet-switching experiment, larvae in treatments 2, 3, and 4 had lower survival rates; most larvae survived until later instars but died a few days after molting. Bean leaves grown under laboratory conditions may not have been a suitable diet for larval development, and/or diet switching itself may have caused stress to larvae. Future diet-switching experiments should test the effects of leaves and fruit of the same host plant.
Previous studies have examined several factors involved in the determination of body color and the maintenance of polymorphisms (Grayson and Edmunds 1989 , Tojo 1991 , Lymbery 1992 , Losey et al. 1997 , Nosil and Crespi 2006 , Olendorf et al. 2006 . We demonstrated that diet, in particular, the parts of the host plants, strongly affects larval coloration, which may be relevant to the highly polyphagous traits of H. armigera. However, both the mechanism that maintains polymorphism in this species and its adaptive signiÞcance remain unclear.
